Aims Heart failure (HF) and diabetes mellitus (DM) often coexist and have bidirectional association. Advanced HF is associated with worsened glycaemic control. This meta-analysis investigated the effects of left ventricular assist device (LVAD) implantation on markers of DM control.
Introduction
Heart failure (HF) and diabetes mellitus (DM) have a causal relationship to one another and are often coexistent. 1 The risk of developing HF is 2.4-and 5-fold higher in diabetic men and women, respectively. HF itself, owing to poor perfusion and cardiac output, can lead to insulin resistance and poor glycaemic control secondary to hormonal dysregulation and inflammation. 2 Mortality rates are higher in HF patients with DM compared with non-DM especially peri-operatively. 3 The implantation of a left ventricular assist device (LVAD) is becoming the therapy of choice in advanced HF patients as either a bridge to transplantation or destination therapy. 4 LVADs normalize haemodynamics and cardiac output and improve tissue perfusion, 5 which in turn may improve glycaemic control and lower the need for anti-diabetic medication use. 6 While studies have investigated changes in glycaemic control following LVAD implantation in advanced HF patients, the magnitude of change varies, and few studies look at changes that may help explain these glycaemic improvements. Thus, the objective of this study was to systematically evaluate the literature assessing the impact of LVAD implantation on glycaemic control and insulin requirement in patients with advanced HF. We also aimed to look at relationships between improvements in long-term control and other glycaemic measures.
Methods
This meta-analysis conforms to standard guidelines and is written in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses statement. 7 
Data sources and search strategy
We systematically searched MEDLINE and Scopus from their inception through 20 October 2017. The following Medical Subject Headings and keywords were used: diabetes; diabetes mellitus; type II diabetes mellitus; insulin; insulin resistance; hemoglobin A, glycosylated; haemoglobin A1c; blood glucose; heart assist device, left ventricular assist device; lvad; and mechanical circulatory support. Citations were limited to those published in English. We also performed a manual search of references from included studies as well as proceedings from related conferences over the prior 3 years.
Study selection
Two authors independently reviewed all potentially relevant articles in a parallel manner by using pre-defined inclusion criteria. Studies were included if they met the following criteria: (i) enrolled human subjects in an original investigation, (ii) included adult patients (>18 years of age) with advanced HF receiving mechanical circulatory support with an LVAD, and (iii) reported data on changes in the desired outcomes after LVAD implantation. For studies that reported outcomes on patients with pre-existing diabetes, no differentiation was made between those with Type 1 or Type 2 disease. We excluded studies if there were case reports, reviews, editorials, and non-English publications. The primary outcome was the difference in glycosylated haemoglobin A1c (HbA1c) before vs. after LVAD implantation. Secondary outcomes included changes in fasting plasma glucose, daily insulin requirements, body mass index (BMI), and serum creatinine.
Data extraction and risk of bias assessment
For each study, two independent authors used a standardized data abstraction tool to extract all the relevant and specific information. We resolved disagreements by consensus. Information collected from each study included author, year of publication, study design, duration of follow-up, sample size, type of LVAD, pertinent patient characteristics, and data on the desired outcomes. We contacted individual authors for additional data when reported information was missing or unsuitable for pooling. Risk of bias was assessed using a modified Newcastle-Ottawa Scale for observational studies.
8 Domains (with those related to non-exposed cohorts removed) were given a low, moderate, or high risk of bias. We gave studies an overall risk of bias of low, moderate, or high, according to the collective risk per evaluated domain.
Statistical analysis
For each study, we calculated net changes in each of the study parameters as the changes (baseline-follow-up) in the mean values (also referred to as the change score). As all studies did not directly report variances for net changes, they were calculated from confidence intervals (CIs), P-values, or individual variances for intervention and placebo/control groups/periods (when necessary). A correlation coefficient of 0.5 between initial and final values was assumed. 9 All outcome data were pooled using a Hartung-Knapp random-effects model producing a mean difference (MD) with accompanying 95% CI. 10, 11 Between-study variance was calculated using the Paule-Mandel estimator. 12 We evaluated for the presence of statistical heterogeneity using the Cochrane P-value (P < 0.10 was considered significant) and the degree of heterogeneity using the I 2 with a value-50% considered substantial. 13 We assessed for the presence of publication bias using funnel plot inspection and Egger's test of plot asymmetry 14 and the trim and fill method 15 when >10 studies were included in an analysis. Lastly, we conducted random-effects meta-regression to assess the association between changes in HbA1c and baseline values as well as changes in fasting blood glucose. We performed all analyses using the 'meta' package in R (Version 3.4.3; the R Project for Statistical Computing).
Results
Study selection and characteristics Figure 1 illustrates the literature search process. A total of 13 studies were included in the analysis (Table 1) . 6, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] All studies were single-centre, retrospective observational investigations that utilized a pre-post design and were published as full-text articles, except one that is only available in abstract form. 16 Sample sizes ranged from 11 to 139 with durations of follow-up ranging from 126 days to 12 months. The mean age of the populations was similar amongst the studies, ranging from 51.6 to 63 years. Three studies enrolled patients who had received pulsatile or continuous LVADs, 6, 25, 27 with most patients receiving continuous-flow devices [HeartMate II (Thoratec, Pleasanton, CA) or HVAD (HeartWare International, Framingham, MA)]. Just a single study 6 compared diabetes control between pulsatile and continuous-flow LVADs stating that no appreciable difference existed (although specific data were not provided). Similarly, no studies directly compared outcomes between destination therapy and bridge-to-transplant LVAD patients.
The diabetes diagnostic thresholds used by the included studies varied across the body of literature. Some studies, while not specifically identifying solely diabetic patients, used a positive documented history from the medical record. [24] [25] [26] [27] The other studies defined diabetes by use of oral anti-diabetic medications or insulin, an elevated HbA1c (>6.5-7%), or elevated plasma glucose (random > 200 mg/dL or fasting > 126 mg/dL). The study by Yen et al. used an International Classification of Diseases, Ninth Revision code for diabetes. 18 The mean baseline HbA1c ranged from 6.8% to 8.6%, mean baseline glucose ranged from 120.6 to 158 mg/dL, and mean BMI ranged from 25.4 to 34.7 kg/m 2 . The proportion of patients on pre-LVAD insulin and oral anti-diabetic medications ranged from 27.8% to 100% and 13% to 100%, respectively. The proportion of patients requiring post-LVAD insulin and oral anti-diabetic medications dropped by 6.7-14.5% and 13.3-26%, respectively. Importantly, the reported 24 h insulin requirements did not routinely differentiate between shortacting and long-acting preparations. The risk of bias evaluations for each study are shown in Table S1 . 16 
Primary outcome
As shown in Figure 2 , 11 studies 6, [16] [17] [18] [19] [21] [22] [23] [25] [26] [27] reported the HbA1c level before and after LVAD implantation (Table S2) . Pooled analysis shows a significant 1.23% reduction in HbA1c (95% CI À1.49 to À0.98) post-LVAD implant. Both a significant amount of statistical heterogeneity (I 2 = 75%, Cochrane P < 0.01) and significant small-study effects (Egger's P = 0.08) were seen in this analysis ( Figure S1 ). Randomeffects meta-regression analysis showed that HbA1c was reduced by 0.7% for every 1% increase in baseline HbA1c value (P < 0.01; Figure S2 ). Similarly, post-LVAD HbA1c showed a positive correlation with reductions in post-LVAD fasting glucose levels (P = 0.05).
Secondary outcomes
Six studies 6, 21, 22, [25] [26] [27] reported changes in fasting blood glucose before and after LVAD implantation (Table S2) . Pooled analysis showed a significant 24.4 mg/dL reduction at followup (95% CI À33.4 to À15.5) and little statistical heterogeneity (I 2 = 7%, Cochrane P = 0.37) (Figure 3 ). Eight studies 6, [16] [17] [18] [21] [22] [23] [24] reported insulin requirements, showing patients required 18.8 (95% CI À28.8 to À8.7; I 2 = 66%, Cochrane P < 0.01)
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fewer units of insulin per day following LVAD implantation ( Figure 4) . Changes in BMI (kilogram per square metre) were reported in seven studies, 6, [16] [17] [18] [21] [22] [23] which revealed no significant difference after LVAD implantation (MD 0.09, 95% CI À1.24 to 1.42; I 2 = 43%, Cochrane P = 0.11) ( Figure 5 ). However, significant reductions in post-LVAD serum creatinine (milligrams per decilitre) levels were seen in a pooled analysis of seven studies (MD À0.20, 95% CI À0.35 to À0.06; I 2 = 25%, Cochrane P = 0.24) (Figure 6 ).
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Discussion
This meta-analysis showed LVAD implantation is associated with significant improvements in HbA1c by 1.23%, lower insulin requirements by 18.8 units per day, and lower fasting glucose levels by 24.4 mg/dL without affecting BMI. To our knowledge, this is the first meta-analysis evaluating glycaemic improvement after LVAD implantations. Clinicians caring for advanced HF patients who have received an LVAD need to be cognizant of these anticipated glycaemic changes and adjust patients' drug regimens accordingly. In fact, some studies showed that patients could discontinue their oral diabetes medications entirely following LVAD implantation. 6, 21, 23 The physiologic explanation for these findings is likely multifactorial and stems from mechanical LV unloading and resultant improvements in cardiac output. Low cardiac output in advanced HF increases cortisol and catecholamine levels, leading to the insulin resistance. 28 The LVAD-associated increases in cardiac output correct these metabolic disturbances 24 and enhance blood flow to both cardiac and peripheral tissues (including the pancreas), improving glucose homeostasis and reducing whole-body and cardiac insulin resistance. 25, 28, 29 Animal studies confirm these findings, showing improved cardiac glucose oxidation and free fatty acid oxidation to normal levels after HF recovery. 30 Mechanical LVADs improve glycaemia LV unloading also reduces inflammation evidenced by lower retinal binding protein 4, 26 tumour necrosis factor-α, 31 and interleukins 32 6 and 8 and many help explain the reversal of insulin resistance in these patients.
Other potential explanations for these findings could include improved physical activity, care co-ordination and management, or medication optimization. Given that our analysis showed no significant changes in BMI following LVAD implantation, the observed glycaemic profile improvements may not be the result of weight loss due to increased physical activity. 33 It is, however, possible that the enhancements in skeletal muscle insulin sensitivity seen with exercise could positively impact glycaemic indices. 34 The changes could also reflect the more frequent and co-ordinated care of these patients. Most advanced HF centres caring for LVAD patients have designated endocrinologists and nutritionists as part of their multidisciplinary program, 35 which have been shown to improve diabetes control in general populations. 36 Changes in medication use could also play a role. As an example, animal studies suggest that milrinone use can induce an insulin resistance by suppressing lipolysis and insulin-mediated glucose utilization in peripheral tissues 37 ; therefore, these potentially deleterious effects would be mitigated once the milrinone is discontinued following LVAD implantation.
It is important to note that HbA1c levels are affected by the red blood cell (RBC) lifespan and cell turnover, which may overestimate glycaemic control. 38 Haemolysis is commonly observed in mechanical circulatory support patients owing to increases in shear stress and results in reductions in haemoglobin and haematocrit values with increasing reticulocyte counts. 39, 40 These effects of LVAD use can lead to spurious HbA1c measurements and render them less reliable. While other markers of glycaemic control, such as glycated albumin, have been recommended when increased RBC cell turnover is a concern, 38 these data were not routinely available in the current literature base. To overcome this potential effect, we included fasting blood glucose levels and the insulin requirement, both of which were improved with LVAD use and support the HbA1c findings. Additionally, a positive association was seen between reductions in HbA1c and lowering of post-LVAD fasting blood glucose levels.
It is important to examine the impact of diabetes on outcomes in advanced HF patients, particularly following LVAD implantation. Disagreement exists regarding the diabetes is associated with worsened clinical outcomes in LVAD patients. While Vest et al. 17 did not see a significant association between diabetes and all-cause mortality in 300 mostly bridge-to-transplant LVAD patients (P = 0.58), a recently published study by Asleh et al. 16 suggested a nearly two-fold higher mortality risk in 341 diabetics. Interestingly, Asleh et al. saw no association between preoperative HbA1c values and post-LVAD outcomes. While we did not evaluate clinical outcomes and their associations with glycaemic control in this study, we agree with others 41 that such an evaluation is warranted to better aid in risk stratifying advanced HF patients who are being considered for mechanical support.
Study limitations
The results from our meta-analysis should be evaluated within the context of its potential limitations. Firstly, the definition of diabetes varied amongst the literature body including medical chart documentation of diabetes and differing HbA1c or fasting plasma glucose cut-offs. This could limit the external validity, as the specific population that would receive the benefits we demonstrated is unknown. In addition, the included studies were single-site, retrospective observational evaluations reporting values before and after LVAD implantation. While some studies reported glycaemic control only in their diabetic subgroups, others evaluated their entire patient cohort (of whom a proportion had diabetes). It is important to carefully evaluate duration of follow-up and timing of glycaemic tests in this population, as peri-operative factors (e.g. blood transfusions) could influence outcomes. All of the included studies reported glycaemic outcomes a number of months following LVAD implantation. Thus, it was not possible to analyse use of either oral antidiabetic medications or insulin immediately following surgery compared with later follow-up times. Similarly, longer duration of follow-up may reflect reporting of data from healthier patients who were more likely to show improvement of their chronic diseases, including diabetes. Interestingly, the effects on glycaemic control were similar regardless of the follow-up duration and supported by individual studies that evaluated multiple time points. 23 We were unable to assess the impact of concomitant drug therapy, including both diabetes treatments and cardiovascular medications known to affect glycaemic control, including angiotensin-converting enzyme inhibitors, beta-adrenergic receptor blockers, and diuretics. Lastly, the studies did not report data separately by either LVAD type or indication; thus, whether these factors affected our findings is unknown. These differences could help explain the modest to significant statistical heterogeneity seen in some of the analyses. The studies within each endpoint agreed on the direction of the association but not necessarily on the magnitude.
Conclusions
Our meta-analysis showed significant improvements in glycaemic control, including lower HbA1c and plasma glucose levels as well as reduced daily insulin needs in advanced HF patients who received an LVAD. It is prudent for clinicians to follow up the post-LVAD patient carefully and adjust insulin requirement and oral diabetes medications accordingly.
Supporting information
Additional supporting information may be found online in the Supporting Information section at the end of the article. Table S1 . Risk of bias assessment Table S2 . Individual study outcomes Figure S1 . Funnel plot for HbA1c analysis. The solid circles represent actual identified studies, and the open circles represent imputed studies from a trim and fill analysis. HbA1c = haemoglobin A1c. Figure S2 . Meta-regression evaluating relationship between changes in HbA1c after LVAD implantation and baseline HbA1c (BLA1c) values. The circles represent individual studies, and the area of the circle is proportional to the weight of each study. The dark line represents the regression equation with a higher baseline HbA1c associated with a greater HbA1c following LVAD implantation. HbA1c = haemoglobin A1c; LVAD = left ventricular assist device.
